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1.

I. Jumery

This report consists of an engineering evaluation of OSRD Reports 3348,l
3580,2 and 4396, An introduction containing an orienting discussion of the
general problem of .esidual stresses ond their effccts on the mechanical
behavior of weldments is followed by deteiled summaries of the above three
reports. The results and.conclusions contained in the reports are discussed
and evaluated in the light of the present literature.
The following conclusions are reached in this evaluations
(1) Concerning the effect of residual stress on ballistic performance,
the most significant point in this (and other) reports is that gppreciabls
hlaatic deformation of a weldmeat gbliterates any locked-in stress syatem.
Fracture of ballistically loaded welded armor in the field is nearly always
accompanied by extensive plastic deformation. Therefore, if it can be shown
by field tests that deformation precedes fracture, the question of effect of [
locked=in stress becomes relatively unimportant,
(2) The subject reports do not give clear-cut answers as to the effect
of residusl stress on performancej nor will these answers be found in the
1iterature. The reason is straightforward, To investigate the effect of a

oy
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1. Weldability of Commercial Armor Plate: A Preliminary Investigation of
Residual Stress in Welded HePlate, by R, H. H. Pierce, Jr., and W, G,

Benz.
OSRD Report No. 3348, February, 1944

2, Effect of Locked=Up Stresses on Ballistic Performance of Welded Armor
Part I, by D. Rosenthsl, J. R. Clark, S, B. Maloof, and John T, Noston.
OSRD Report No. 3580, April 18, 1944,

3. Effect of Locked=Up Stresses on the Ballistic Performance of Welded Armor =
Part 11, by Jon Te Norton, D. Rosenthal, and S. B. Msloof. -
OSRD Report No. 4396, November 24, 1944, des
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parameter (residual stress in this instance) means must be found to vary
this parameter while holding everything else of unknown effect constant.
Nobody has yet succeeded in doing this because (a) residual stress of yleld=
point magnitude is always attained ir a weldment of significant size; (b)
variation of this stress level by post-weld thermal treatments introduces
metallurgical variables of indeterminate magnitude; (c) variation of the
residual stress level by post-weld straining induces straineaging and age=
hardening factors of unknown effect.

(3) The metallurgical effects of post~weld thermal treatments appear
to outweigh the effect of these treatments on residual stress levels.

(4) 1f research on the effect of residual stress on ballistic perfor
mance is to be continued, it is strongly recommended that specimen geometry,
test temperature, and loading rates be devised such that fallures involving
no plastic deformation are induced. While such tests may have no obvious
practical application, it is felt that no other conditions of test can lead
to significant answers.

(5) From the practical standpoint of bullding axmored equipment, cone
sideration should be given to changing process schedules so that facilities
now devoted to or intended for stress=relieving the final weldment can be
used for intermediate stress relief of the partly welded units. There is
ample evidence that intermediate stress relief lessens cracking during welde
mg,1 and no clear-cut evidence that post=weld stress relief improves

weldment performance.

1. “The Welding of Heavy Sections,” by W. Spreragen and M, A, Coxdovi,
Welding Research Supplement-369 S « 386 = S, August, 1934,
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II. Igtroduction:
In published literature surveys (1)} and 1ists of fundamental reseurch

problems (2), emphasis is pleced on the need for basic duta cn residusl weld
stresses. Due to the lack of such dste the major questions in this field are
to a large extent unresolved. The importance of those questions becomes
obvious when it is realized that they ere intimately related to the problem

of weldability, which, in turn involves the joimability end performence of
weldments, Considered in all their aspects, no more practical end economically
important prcblems than these exist for the welding engineer.

Joinability is defined as the degree of soundness of e metal after being
subjected to a given welding procedure, and the degres of scundness depends
upon the presence or absence of defects, which may be of four types: weld
metal cracks, base metal cracks, weld metal porosity, and weld metal inclusions(3).
Joinability is thus an indication of what hus happened during the welding
operation. Joinsbility is usually? established (although mot necessarily
known until the proper inspection of the weldment has been made), obce the
welding operation (including subsequent heat treatment, if any) is over, and
the wnldrment has returned to embient temperature thxjoughout.

The other aspect of weldability, the performance of a weld or weldment,

18 defined in terms of its mechanical bshavior after welding is coapleted,
relative to the mechanical behavior of its prime plate before welding (3).
Thus, while Joinability is almost exclusively of interest to the welder and

welding engincer, psrformance concerns the design engineer, the testing

1, Numbers in parentheses refeor to the bibliography at the end of this report.

2. This implication of a case where it may not be will be made cleer in the
subsequent discussion of aging phenomena,

\
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engineer, and the user, as well.

The above definitions seem distinct and seperate, but before going on,
it should be pointed out that wheie sging phenomena occur after welding, there
is a possibility of some confusion arising. In certain cases, aging phenomena
which ceuse & loss of local ductility in a weld after welding is completed may
result in the formation of weld or base metal cracks. These may mot occur until
considerable time has elapsed after welding, but, nevertheless they will be due
tophencmena arising during welding. Thus it would seem that such cracks should
be considered as sn indication of joinability, but the situation is not so
clear-cut if the cracks due to aging do not occur until the weldment has been
placed in service or subjected to performance tests, and feilure is caused by,
or aided by, their presence. The reason for bringing up this point in detail
here will be brought cut in the subsequent discussion of residual stresses and
weldability,

The interest in acquiring basic date on residual weld stresses arises from
the fact that there is no satisfactory answer to the question: ‘to vhat extent
and in vhat manner do residual weld stresses affect weldability? In view of
the definition of weldability discussed above, in terms of joinubility end
performance, it can be seen that this question can best be considered in terms
of its implications for each of these two separate aspects of the main topic.

Considering first joinability, the only way in which this cen be affected
by stresses is through their effect on the formation of base or weld metal cracks,
since these are the only two defects included under soundness, or joimability,
which mey be stress-induced. In fact, stresses must be present for thea to
fornl. In the absence of external loading, here excluded by definmition because

1. A crack can only form at any temperature in the presence of stress, for its
formation results in the generation of new surfaces. The energy assoclated




Se

we are not considering performance, the only stresses which can be present

in any weld or weldment during and until the completion of welding, are residual
stresses®, Thus, it follows, that, although one or several of a number of
possible causes’ musy be responsible for their presence, and their effectiveness
may be enhanced by one or more of still other fuctors® which weaken a weldment
toward their action, residusl stresses’ alone are the only ultimate cause of
base and weld metal cracks formed during welding., MHowever, the manner in

which they act and the extent to which they act to cause these cracks, together
with the influence of the many variables, are not known, and ocnly elaborate

. experiments can determine them,

From this it is clear that the proper evalustion of the role of residual
stresses in joimability requires the detailed measurement (preferably throughout
a weldment) of such stresses as they are formed; that is, as a function of time
during the welding operation, until the weldment reaches ambient temperature
(end longer if aging effects must be included). The stress distributions so
deternined must be correlated with the initiation end propagation of vhatsver

wvith these surfaces (surface energy) can only be supplied from the elsstic
energy stored in the vicinity of the cruack before its formation; this stored
elastic energy (in terms of en energy density) ias the stress at this location.

2. Here considered to be the resultant stress at any point in the weldment at
any moment during welding. Thus it may properly be called a "dynamic residual
stress* as opposed to the final usuzlly-considered resultant "static residual
stress" present at the end of the cpcrition, The term resultant stress here
includes sny resction (or restraints stress a8 a component.

3. Thermal strains, phase transformations, etc.

4. Stress concentrations (including notches, porosity, and inclusionms),
segregation, etc,

$. That these may or may not have reaction components, or that micro-stress
effects may cause the cracks does not effect the argument,
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weld and/or base metal cracks form, if eny, teking into account, of course,
the time and temperature at which they :appear.:L Only in this way can the
influence of the many variubles be determined and the possibilities for
controlling and improving the joinabLility of weldments assessed.

In view of the obvicus experimental difficulties involved in such a
program as described above, it is not surprising to find that practically no
data exists for this aspect of the residual weld stress problem, So far as
can be determined only one investigution in this field has been made,

Winterton and Wheeler (4) measured thc t;-angverse reaction stresses considerably
removed from the weld during and after the butt welding of laterally-constrained
mild and alloy steel plates, The scvere constraint imposed resulted in complete
failure at the weld when cracking occurred, and the only corrclation obtained
between the stress-time curves and cracking was the obvious complete drop off
in the curves at fallure. A slight dip in the curves was considered to
correspond to the martensite transformation in the weld zone. The transverse
restraint stresses recorded were smaller than expected for the fractures which
occurred,

A valusble contribution should be mads to the joinability weld stress
problem by the research program in progress at M, I, T,, for its purpose in
part is to determine the effect of restraint on the formation and varistion of
residual stresses during the welding of & high-tensile steel. These measurs-
ments will be correlated with creck formation wherever possible,

The other great noed for information regarding the effect of residual
stresses is in the mechenical behavior or performance aspect of weldability(2),

1, Thus this problem is simiier to the one discussed below, under the role of
residual strosses in weld performance, where a correlation of stresses vith
brittle fracture is required. Here, however, the fundamentals of the
formation of cracks at high temperature (hot tearing) must undoubtedly
also be considered,

e s
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in spite of the considerable number of researches which have been conducted
in this field.1(1,5,6,7)
The problem may conveniently be divided into two categories. Namely, what
effoct do residual weld stresses have upon the behavior of weldments under
conditions of:

1. Static (or slow) and rapld loading where fracture is preceded by
considerable plastic deformation?

2. Static (or slow) and rapid loading vhere fracture is preceded by
1ittle or no plastic deformation? )

It is only in the first category that any definite answers seem to be
avallable regarding the c¢ffect of residual weld stresses, but this is in some
respects a relatively triviasl and economically unimportant case, most weld
failures occurring under the conditions of the second category. The former
includes, primarily, situations of service overstressing, and the remedy 1s
usually evident. Even so, misconceptions still exist concerning it; in fact,
in some aspects it is not fully understood.

The presence of a residual stress changes the effective propertional limit
of a weldment during slow loading (8,9,10), beneficially, if the external load
results in stresses vhich are locally ol opposite sign to the existing residual
stresses, and vice versa. It has been srgued forcefully, but not very
logically (11) that this is not so, it being weintained that the load=
deformation curve for a structure containing residual stresses is essentially
the same as for one without such stresscse Whatever truth 1s contained in
such a statement may be attributed to the fact that large overall factors of
safety (based on the proportionsl 1limit) are used in most welded structures

1. The majority of residual weld stress researches (1) have reported data
on the measurement of the stresses which exist in completed weldments,
but none on their effect on subsequent performance.
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and that the onset of plastic deformation tends to reduce or at least obscure
the residual stress effect. Locally, however, such residusl stress effects can
be considerablel,

Before going further, it is relevant to point out the difference between
so-called ductile and brittle fractures in metal. Both are initiated upon the
occurrence of a crack in the metal, and, as steted in a footnote earlier in
this introduction, the presence of an clastic stress field in the surrounding
region is necessary for such an occurrence. The difference, however, between
a ductile and a brittle fracture, lios in the manner in which the initiating
crack is propegated (13). A brittle fracture crack is propegated by the
continued "release" of the elastic stress field surrounding it, whereas, a
ductile fracture crack requires plastic deformation work to extend it. The
surrounding elastic stress energy is generally insufficlent to provide the
latter, so such a ductile fracture crack can propsgate only if work is
continually done by the external forces,

Continuing with the discussion on the effect of residusl weld stresses,
there seems to be general agreement (5,0,7, 8) that if appreciable plastic
deformaticn takes place beycnd the proportional limit during slow loading, anmy
residual weld stresses initially present in a structure will have no effect
upon its ultimate failure, whether this failure be avidonc;d by ductile or

britt102 fracture, That is to say, residual stresses have no effect upon

1., The position has been restaied reccntly by Yang and associates (12) in
reference to a welded steel beam: “the factor of safety has always
included the reducticn of load carrying capacity due to residual stresses,
but the percentage reduction due to (those stresses) has not genmerally
been appreciated.* e

2. Orowan (13) has pointed out that it is possible for brittle fracture to
occur following appreciable plastic deformation,
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the fracturing of metals when such fracturing 16 preceded by considerable
plastic deformation. This {5 so because the plastic deformation obliterates
the initial residual stresses.l

The situation is not nearly so clear cut for the economically more
important case of brittle failurec, which has been the subject of so much die~
cussion and investigation (1a, 13, 14), because 1t is so significant to teche
nology and because it has thus far largely defied understanding.

The lack of understanding of brittle fracturc does not arise from any
dearth of observational data regarding fts occurrence, but rather from the
apparent inability to perform the definitive experiments necessary to deter=
mine the basic causes of crack initiation and propagation, especially the
former. Indeed, it is not certain what these experiments should be, although
a number of spprooches are suggested (la, 2a), unfortunately in rather general
terms. The difficulties are increased by the number of variables which enter
the problem (13, 14).

Thus, for other than conditions of slow loading accompanied by plastic
deformation, the problem of the effect of residual sircsses on the performance
of weldments becomes one of deter.:ining thelr effect. on the initlation and
propagation? of brittle fracture cracks. To the complications discusted above
are thus added the metailurglcal and structural variables inherent in welding
(13), together with large spccimens and complexity of analysis (2a), and the

approximate nature of the results which currently characterize residual weld
3

stress measurements, especially vhen triaxial stress distributions™ are inves=

tigated.

1. Although recently=presentod arguments (1a) suggest thet this is probably
not 80 on & micro-stress scale.

2. The local values of residual stress and their short-range variation are
probably of greatest importance to the initiation of brittle cracks, while
the values at a distance, or possibly only the resction components, may be
important for creck propagation (2a).

3. Since it is recognized that brittle frecture is an indication of the grnm
of local triexial stresses (13), finesscale three=dimensional residual stress
measuremsnts are necessary for & proper study of the problem.
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A. OSRD Repart No. 33481 2 Pre)iminary Investigetion of Besidual
Stress in g Welded H-Plate.

1. Experimpental Proqram:
In order to"assist in interpreting the results of ballistic tests”

of standard welded H=platcs (36 inches by 36 inches by 1-1/2 inch, over-all)
of armor t:ou;posi.ti.on.2 the resldual stress distribution i{n one such plate in the
as~welded condition (!/R=27) was determined in some detail by a method of section
ing the plate by saw cuts in the weld motal parallel to and immediately outside
the heat-affected zone, and away from the welds; a disc was also trepanned from
the plate. The relief of residual surface strain resulting from .theu cuts was
measured by several different types of strain gages of various sensitivities,
including SR~4 resis.ance gages and caliper gages, all of which agreed within
their respective accuracies whenaver their results were compared.

Prior to this principal investigation two other tests were made. First,
an Heplate (NR=17) already fractured adjacent to one leg of the H-weld in a
ballistic shock test, was sectioned by & series of parallel saw cuts adjacent
to and along what remained of the cross=bar of the Heweld., Residual strain
rellef on the surface of the cute=away strips was measured by caliper gage.
Second, each of two H=plates, as welded plate NR=27, to b~z used in the main
investigation, and one similar to it except for an added “"armor" heat treate
ment, NR=28, were supported near their corners, centrally loaded, and the sur=
face strains at various locations in the weld metal, both paralle! and trens=
verse to the legs and crosse-bar, measured by SR=4 gages as a function of the
centrally=applied loads “Stresscoat” lacquer was also used to detect strains

l¢ For further details than are presented here, the reader is referved to
the original OSRD reports.

2. A short tabulation of pertinent data, such as prime plate compositions,
electrodes, and heat treatments used, etc., is included at the end of

each experimental program summary.
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in the latter testis. In each cese the load was applied in 10,000 1b. incre=
ments up to 120,000 1lb., then simlilarly removed, following which a second

load cycle §n 20,000 1b, increments was made.

Table I = Welded HePlate Deta
Analysis:

Blate € ® P S5 & M &S K Y
NR=17 0.26 0,84 0,020 0,019 0,24 1,01 0,72 0.53 = -
NR=27, NR=28 0,30 0693 0.026 0,025 0,71 = 0,70 0,20 = 0.9
Weld Metal 0.12 0.5%4 - - c.21 1.72 0,38 0,77 0,12 -

Electrodes SW-101 Ferritic  Preheating Temperaturgs 350°=400°F
Plate NR=28 Armax Heat Treatment After Welding:

3 hours at 1650°F, air cooled.
2 hours at 1650°F, water quenched.
3 hours at 1230°F, air cooled.

HeWelds made by first welding the two legs in succession, then welding
the cross=bar. The final weld beads were then ground flush on
both sides of the plates.

Plate NR=17 made with single=V joints throughout.
Plates NR=27 and NR=-28 made with double=V joints throughout,

Proportional limit of weld metal = 83,000 psi.

B O o D N A Uo7 10 5 Gt o o Lm0 0 S A ROIARAS Y5



11,

2. Results:

The ssw-cuttins of the bellisticelly-fractured H-Plate (NR-17)
indicated an sverage relesse of t-neilc stress in the crossber weld metal
of 32,500 psi, in the heut-affected zone of 25,000 psi, and in the adjacent
plate metal of 5000 psi.

During the loading of the "armci" Leat treated H-Plate {NR-28) in
transverse bending t{he induced struin remained proportional to the applied
load throughout the range during both load cycles. Since the stress corre-

sponding to the maximum strain messured was of the order of 53,000 psi, any

residusl tensile stress in the weld metal must have been less than approximate- |

ly 30,000 psi, the difference between the yield pcint of the weld metal
(83,000 psi) and the maximum applied stress, in view of the fact that no
ylelding took place. Definite breeks {sudden changes of slope) in some of
the plots of load vs. induced strain for the first-cycle loading of the as-
welded H-Plate »(NRF-27) indiceted the beginning of plastic yielding for an
induced stress as low as 22,500 psi. Thus, by the sbove reasoning, a
residual stress of et least 60,500 psi must have been present et the particular
location, the junction of the leg and crossbar welds in the direction of the
leg weld, In this way a transverse stress in the crossbar weld of 50,000 psi
was indicatad. Upon the first unloading the load-strain plots were straight
lines with no bresks, showing that cer*ain of the residual stresses had been
reduced. The second-cycle loading and unloading then followed the straight
lines correaponding to the first unloading, confirming this.

The cutting of the as-welded H-Plate (NR-27) by a series of saw cuts and
a trepanning resulted in the measurement of a maximum longitudinal residual
tensile stress along one leg of the weld of 72,000 psi and along the crossbar
of the weld of 15,000 psi. The drop-off in stress from the welds to the heat

affected zone and adjacent plate was marked. Transverse tensile stresses

L § 2 e et
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existed slong the weld croashur tncd the portion of the weld leg halfway
between the edge of the plate and the crossbar,
3. Comclusiona:

a) There is a high longitudinal residusl strass along the weld
in a H-Plate, the maximun vulue found being of the sume order of magnitude
as the proportional limit of the weld metel. & steep stress gradient exists
through the heat-affected zone into the plats metel, Definite indications
existed for considerable tranmsverse wold stresses, Stresses within the weld
perpendi'culer to the plate surface probebly also exist,

b) The “armor® type of posi-veld heat treatment acts to relieve the
residual stresse= appreciably.

c) Since the as-welded H-Plute residual stress distribution is no
doubt a function of the welding procedure, &n improvement over the somewhat
random method used for plate NR-27 is suggested for systematic investigation
of such stresses when the welding procedure is varied; for example, by using
a ferritic NRC-2A electrode in one case and a conventicnal austenitic electrode
in another.

B. OSRD Report No, 3580: Effect of Locked Up Stresses_on
Balligtic Performance of Welded Armor - Part I

1. Experimental Program:

Transverse explosive loading wes used on several series of armor
plate specimens, supported s beams in simple bending, to simulate the shock
loading of bellistic tests,

a) Prime Plate Tepts:

To separate the effects of the welded joint from those due to
residual stress, and to serve as a besis for the dssign of the welded test
specimens, the first test series consisted of preliminary explosive loeding

experiments on unvelded prime plate, Several sets of specimens 3 inches wide

Cuamamcarsne
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by 10 inches lcng were cut from srmor heatetreated plate leinch thick; each
set of at least five duplicste spscimens was further treated as follows before
testing:

Set 1: Surface ground.

Set 2: Surface ground end stress relieved.

Set 3: Surface ground, stress relieved, und etched to remove residual
grinding stresses,

Set 4: Swface ground, stress relieved, and heated centrelly in a
resistance welder to induce a local residual stress pattern
(softening occurred at and slightly below the surface where
contact wes made with the electrodes).

Set 5: Surface ground and softened throughout to the minimum hardness

found in the softened zone of set 4, by heating above the stress
relief temperature used in sets 2,3, and 4.

The residuul stress pettern obtained in set 4 was found by X-ray messure-
ment to be one of biaxisl temnsion of about 85,000 psi in the center of each
surface; like the softened region, the pattern wus superficial and did not
extend much beyond a depth of 1/2 inch or radius of 1/2 inch, dropping off
rapidly from the center to these points, Using an approximate method developed
by Norton and Rosenthal especially for this work, the variation with thickness
of the residual stress in the direction o\f thickness was also determined for a
thermally.stressed specimen like those in get 4. It was found to be a compres-
sion stress with a maximum value (at the midplane) of -7800 psi (25000 psi).

The specimens were supported at their erds as flat beams and a two-inch
diemeter charge of explosive detonated in the center of the top of each. Charges
of differing weight were used for each specimen in & set. The first appearance
of a surface crack was taken as the critericn of feilure and charges above and
below this value were used.

In order to determins the influence of tho orientation of the explosion-
produced crack on its propsgation, two sets of 3-inch by 10-inch by l-inch thick




A4,

specimens were cut from 4e-inch thick blocks of prime plate in such a way that
the "planes of weakness" (assumed parallel with the rolling plane) were parallel
for one set, and perpendicular for the other, to the 3=~inch by 10~inch surface,
being oriented along the 3-inch widih in both cuses, These specimens were sub-

Jected to explosive loeding as above and sectioned.

b) Welded Plate Tasts:
Plates 22 inches long and 6 inches wide were cut from the

prime armor plate and welded in nairs along the 22-inch edge using double-V

butt welds, in most ceses with a ferritic electrode while & few welds were

mades with an austenitic electrode. Three explosicn tests specimens were cut

from each plate, 3, 5, end 11 inches wide, the weld ruming along their centers

in the width direction. The weid beads were mot ground flat but left as welded,
The specimens were further heat treated and divided into sets for explosiom

as followvs:
Set Weld Ireatment
1l Austenitic SW-164 As welded
2 Ferritic SW-101 As welded
3 Ferritic SW-101 Armor treated
FA Ferritic SW-101 Stress relieved

The original plates for sets 1 and 2 were stress relieved before welding.
At least three and often five specimens of each width (3,5,11 inches) were in
each set. ,

The four sets of welded specimens wers subjected to the same type of
explosive loading tests cs the prime plate specimens in (a). In addition to
noting the charge at which a surface crack appeared, however, an attempt was
made by sectioning the specimens to determine the smaller charge necessary to
Mmo the first internal crack.

By a lubdivi.lion method using SR-4 strein geges on the plate surfaces, the
residual stress patterns parallel and perpendicular to the axis of the weud
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were measured for the middle portion of slncle 3, &, and li=inch wide
specimens of ferr{tic as welded set 2, and for one 1l-lnch specimen of
stress relieved set 4. In preparation for those cages which vere mounted
on the weld bead itself, the latter was given a flct poriion by grinding,

but not ground flush withr the rost of the plate.

Iable II - Tecst Plate Pata
Analysis (of 1-inch thick pxime nplate)s
[ M R 2 A 2o
0.26 1.65 0.016 0,018 0.19 0.48

(Notes no anciysis given for 4-inch thick prime
plate used in crack orientation teste.)

Elsctrodes: SW-101 Ferritic
SW=164 Austenitic

Melding Prahgat: 350° « 400°F for ferritic welds; none for
austenitic welds.

Interpass JTemparature:s 350° « 450°F for ferritlic weldsy
200°F max. for austenitic welds.

Hsat Ireatment and Resultaat Hardness:
(a) Prime plate tests:
Amor heat treatment: 1l-1/2 hours at 1625°F, spray
quench and draw at 860°F for 3 hours,
air cooled, BHN 352+363.

Stress relief heat treatment: 1/2 hour at 1133°F,
air cooled, BHN 275

Softening heat treatment: 1 hour at 1250°F, alr cooled,
BN 220

(b) Welded plate tests:
Armor and stress relief heat treatments same as above.
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2. Repults
a) Prime Plate Tests:

The overall bending effect of the explosive loading on the
3-inch by 10-inch by liinch specimens appeared similar to that ceused by a
local static load of 91,700 lba.l The naturs of the explosive loading
failure was the same In all five sets of specimeas. In order of increasing
weights of charge: the top surface was indented; the spscimen wvas bent as
described above; failure began as en intermal crack directly bensath the
explosive block, gsnerally parallel to the bottcm face of the specimen amd
between 1/4 and 1/2 inch from the bottcm; the internal crack opened wider,
producing & blister on the bottom of the specimen; one end of this blister
tore through to the bottom producing a surface crack; the entire blister tore
awvay (back apsll); and, finally, when the charge was large enocugh, the
spscimen broke in two,

The surface of the internal crack was gramilar, as in a brittle fracture,
vhile the crack which propagated to the surfece appeared smooth and silk-like,
A grid on the surface of ons of the specimens showed considersble plastic
deformation adjacent to the surface creck,

The weights of charge necessary for the appecrance of the surface crack
for the different sets of specimens vere {in grams, £10):

Set 1: 120 Set 4: 130
Set 2: 1% Set 5: 110
Set 3: 1%0

The corresponding charges for the appesrancc of the intermal crecks were
not deternined. Internal cracke wers present in all specimsns tested, dowm to
the lowest charge of 100 grams (used for all 5 sets).

1, io internal cracks occurred during static loading, however.
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Explosive loading of the orientation specimens produced internal cracks
pa-nllel to the oriented "planes of weakness," at ebout equal weights of
charge for the two cases (100 grams), The crack perpendicular to the surface
propugated to the surface with no apprecisble increase in charge, vhile the
psrailel crack required 30% more cherge to reach the surface.

b) Welded Plate Testps:

The nature of the explosive test failures was much the
sans in all four sets of specimens, It was similar to thet found in the
prime plate tests in some particu'lars, but differsd in others. The indentation
and bending were quite small, probably due to the reinforcing action of the
weld bead. The internal crack was perpendicular *n the surface {uersafter
called a transverse crack), originated at the bass-weld metal interface near
ths specimen midplene, and progressed towerd the surface along this interface,
except for the SW-10l ferritic stress relieved spscimens of set 4, vhere,
although having the same origin, it propagated into the weld metal, When
the charge wes insufficient to propagate the transverse crack to the surface,
but more than enough to initiste it, another internal crack, similar to that
in the prime plate tests, developed parallel to the surface in all but the
SW-101 ferritic stress relieved specimens of sct 4, in which the transverse
erack propegated to the surface at a very small increase in charge. For
specimens in sets 1 end 4 (SW-lc4 austenitic as welded, and SW-10l1 ferritic
stross relieved) the surfuce creck appearsd st the boundary of the weld, and
usually in the veld metal itself for the othera., The btulging of the specimens
ves limited, and complete failure occurred in all 3 and 5-inch specimens with
no back spelling, The feilure surfaces were primarily brittle in appesrance.
The weights of charge necessery for the appearance of the internal and surface

erucks for the different sets of specimens were:

o G R AL e =
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Specimen  Weight of Charge {(grams, $+10)
Width-

Set Weld and Trestment Interns) Crack Surface Crack
1 Austenitic SW-164 as welded 3 115 130
5" 150 190
2 Ferritic SW-101 es welded 3u 110 115
o 130 140
3 Ferritic SW-101 cvmor treated 3 95 105
5 115 135
4 Ferritic SW-101 stress relieved 3" 85 85
o 90 95

The subdivision method showed that the weld metal and heat affected zcne
in the as-welded fer:iitic SW-101 epscimons, set 2, wero gemerally under unequal
blaxial tznsicns perallsl? (longitudinal) and psrpemdicular (transverse?) to
the weld vhen the average’ stresses across the thickness were considered, the
stress values dropping repidly in the base matal, The values of thase stresses
for the weld centarline and ons inch eway from the centerline, the latter being

in the heat affected zoxne, are given below:

&Egdml Stresgses ‘gii
Longitudina verse

Specimen At center- 1 inch from At _center- 1 inch from
Width _ lins centerline iine cepterline
» + 2,500 0 + 7,000 + 7,000
b +16,000 - 1,000 +12,500 +10,000
11 +35,000 +24,000 +13,500 +16,000

The residual stress mtusurements corresponding more nearly to the surface

1. The charges for the ll=inch wide specimens were the same as for the
§-inch width for set 1 snd only slightly higher for sets 2,3, and 4.

2. Note that here ths terms parallsl snd transverse have different
connotations than when used to describe crack orientatiom,

3. Strain geges mounted on full-thickness blocks cut from the specimens
were considared to indicate the release of the average stiresses;
these blocks were then cut at their midplanes, and the finsl gage
readings considered more nearly as indications of surface stresses.
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stressesl diffs:~d upprecluily Troa the aversge acress the thickness,
tabulated on the previous page, cspecinlly et the conterline, where blaxial
compression wes indicated, btaing grectest for the 3 inch-wide specimen.
These chenged to biaxisal temscicn witkfn 1/4 !nch Srom the centerlime in most
cases,

Compared with those in the es-weldcd plcte, the residual stresses
remaining in the ll-inch stress-relicved plate wers negligible.

3. Conclusions:

a) Prime Plate Tests:

The residunl stress distribution induced by resistance
heating had no effect on the hehavior of the prime plate in the explosion
tests, since it cculd have nc effect on the formation of the initial internal
crack parallel to the back face qf the specimen, This crack occurred where the
cohesive strength of the plate wes firat oxceeded (and vhere it was a minimum)
as the initlal explosive compression wave in the plate was reflected ss a
tension wave from the back face. It is assumed that this wave traveled across
the spscimen under total lateral constraint, because of the inertis effect,
leading to what, from the =ppecrance of the surface, secemed to be a brittle
fracture, although no direct proof of this exists,

Under these circumstances, the residusl stress present could have no effect
unless it hed en appreciable component perpendicular to the crack, for the longi-
tudinal and transverse componcnts, even if they wers large (which they were not,
at the location of the crack within the plate), could not have added to or
detracted from the very large (assumod) lateral constraint; and, even though
the perpendiculer component was & compression stress, its megnitude was only
about 8,000 psi, so it could have had no effect.

1. See footnote 3, p. 18

s
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The cracY which propugated to the surfuace und appesred tc be ductile in
nature could not haeve becn ‘nflusnced by the surface residual stresses, for
their veluess were very low in its vicinity. Further, the plastic flow would
have removed any residual stresses originally present,

The occurrence of the intsrnal end surface cracks could not have been
influenced by the lccal softening which occurred during the heating to .produco
the residusl stresses, for neither cruck was in the softened area,

It may appear that the loss in strength oxhibited by the stressed
specimens (set 4) relstive to the stress-relieved sets 2 and 3, might be
attributed to the locel softening, for the specimens softened throughout
(set 5) were the weakest of all, but armor treated set 1 was harder than sets
2 and 3, yet also weaker., The conclusion reached is that the stress relief
treatment resulted in "physical properties of the stesl (which) give the best
balance between the two conflicting characteristics, stress and strain, insofar
as the surface crack is ccncerned. The observed decrease of the smount of
charge in the stressed spuocimens may thius be explained as being produced by
upsetting this balance in the softened area".

b) Holded Flate Tests:
In one~inch thick butt welded armor plate free from lateral
constraint, the residusl weld stresses have no effect on its performance in a
high velocity explosion test. If a large reaction component of residusl stress
exists the results may be different. - ‘

As in the case of the prime plate specimens, the initigl crack, although
bhere transverse to rather than parallel to the surface, was produced under
complete lateral constraint, and occurred where the cohesion strength for these
specimens was lowest, at the weld-bese metal juncticn. Also, as before, umder
such circumstances the residusl stress systea can only be effectual in
influencing the initiation of such a crack if there is an appreciable componeat
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perpendicular to the plane of the crack. The largest value of the average
transverse residuzl stress determined at the crack location was 12,000 psi
compression, and deemed probebly insufficient to offset other factors,
whereas the variation of thiz value with width of specimen was too small to
affect the results as & function of width,

The variation of the residual stresses in the thickness direction was
not investigated in detail, but the fact that the curves for so-called
average and surface values of the transverse stroes crossed at approximately
the same distance from the weld centerline as the crack location., indicates
that the trmvéree stress &t the crack may not be larger than the average
value across the thickness, and, hence, also have no effect on the initial
crack,

There is 1littla indication of the affect of the residuval stress systeam
on crack propsgetion. This follows from the observation that the difference
in explosive charge required to form a surface crack relative to that for the
internal crack is larger for the es-welded than for the stress-relieved
specimens.

The austenitic welds were stronger than the fer:ritic welds under |
explosive loading, vhereas the heat-treated ferritic welds were weakest of all,
especially the strese-relieved set. The weld-base metal junction was the
weakest spot for all sets of specimens.

The fact that a gresater curplus of charge was required to propagate
the imternal crack to the aufface in the prime plate specimens than in any
welded specimen of corresponding width, bears out the observation found in

the orientation tests on prime plate, that it s more difficult to propsgate
@ parallel than & transverse crack.



C. OSRD Report No, A396: Effect of Locked-Up Stresges
on Ballistic Performence of Welded Armor - Pert II
1. Experimental Progranm:

In & progrem like that reported for Part I, butt-welded armor
plate specimens, prepered with various electrodes and subjected to differing
heat treatments, were subjected to exploeive loading, and their resistance
to fracture and the neture of the fractur~ investigated., Residual weld-
stress systems were investigated with particular attention being paid to
the variation of stress in the thickness direction.

Five sets of 12-inch by 12-inch by l-inch thick armor plate specimens

with a double-V butt weld running down the center, were prepared as follows:

Set Weld Ireatpent

1l Austenitic As welded

2 Austenitic Stress relieved
3 Austenitic Ammor treated

4 Ferritic NRC-2A As welded

5 Ferritic NRC-2A Stress relieved

The original plates for sets 1 and 4 were stress-relieved before
welding. Each set included at least six specimens,

Explosion tests were run as in Part I, with charge velues for the
internal and surfece crack (ppeannce; noted, In addition, the three-
dimensional residusl strees patterns were cetermined using the Norton and
Bounth_nl technique for as-welded sets 1 and 4, anx! for stress-relieved set 5.
As before, a section perpencicular to the weld in the niddl. portion of the
plate was analyszed. Tae ll-inch wide ferritic SW-101 as-velded plate,
partially analysed for residucl stressss in Part I, wvas considered further here
to determine the distribution across the thickness. Finally, a fev stress
deterninations were mede on a 25-inch long ferritic NRC-2A as-welded plate to
obtain scme ides of the msximum value of residual stress which can be expected
in actual weldments.
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Jable 111 = Test Plate Rata
A , - H
[ Mo B 3 53§ Mo
0.26 1,6% 0.016 0,018 0.19 0.48

(Notes no analysis given for 4=inch thick prime plate
used in crack orientation tests.)

Elactrodes: WNRC~2A Ferritic

Austenitic (no further deslgnation given but no
doubt is SW=164 electrode used in Part I, as
data)from the latter are included for comparie
son.

Jelding Preheat: none

Intarpasa Temperaturgs 100° = 320°F for ferritic welds
100° = 330°F for austenitic welds

Heat Ireatments:
Armor heat treatment: 1=1/2 hours at 1625°F, spray
quench and draw at 860°F for 3 hours,
alrecoolod, BHN 352-363,

Stress relief heat treatment:s 1/2 hour at 113%°F,
air-cooled, BN 275

Xield Point of Prige Platgs “belleved to be” about 100,000 pei.

2. lDasultss
The behavior of the weldments under explosive loading wes somewhat
similar to that found in Part I. Surface indentation and a small amount of
bending in the weld were observed. The internal crack for the sustenitic
welds (sets 1, 2, and 3) was transverse and originated in the weld metal-
base=metal junction. At larger charges a parallel crack sppeared in the
bottom half of the specimen and J'oined the transverse crack, the transverse

B TR i sl TS SRR R R s it
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crack then proprgating to the surface mostly at the boundory of the weld.
In the ferritic NRC-Za welds (sets 4 and 5), however, the creck originated
within the weld metal} a transverse crack appeared in the bottom half of
the specimen for thc as-welded plates (set 4), while a more nearly parallel
crack originated in the weld at the midplane for strecss-relieved set 5,
propcgating transversely with larger charges. Fallure in these specimens
progressed with the appcarance in the bottom half of the weld of parallel
cracks which Joined the transverse cracks before the latter appeared at the
surface in the weld metal, Charges sufficlently large for bulging, back spall,
and complete failure were not used.

The spproximate weights of charge necessary for the sppearance of the
internal and surface cracks for the different scts of specimens are tabulated
below. Figures for the lle=inch ferritic welds made in Part I are included

for comparison.

Nelght of Charoe (crams)
set Yald and Heat Ireatment Joternal Crack  Surface Crack
1 Austenitic as welded 130+ 20 20 2 10
2 = stress relieved 80+ 20 130+ %
3 . armor treated 80+ 20 130+ 5
4 Ferrltic NRC=2A as welded 105+ 10 190 ¢ 10
5 8 stress relieved 120 ¢ 10 20045
From Part Is
2 Forr!.tic SK-101 as welded 135+ 10 150 ¢ 10
4 . stress relieved 105 ¢ 10 110 £ 10
3 " . armor treated 125 + 10 143 £ 10
1

As in Part I, the measurements of the average™ residusl stress through

the thickness of the plate for various distances from the weld center line

1. True, averages, taking into account the detailed variation through the
thickness, and not, as in Part I, the zverages indicated by surface geges
when full thickness blocks were cut out. That there is a diffexrence -ny
be seen by comparing the figures for the SW-101 weld with those given
this weld in Part I; it will be noted that the change is greatest for tln

g



2.

showed that unequal longitudinal and transvcrse tenslon existed at the weld,
with the following values for the centerline and one inch from it in the

heat-=affected zone:

Rosidual Stress (pai)
At center= l«lnch from At center- l=inch from
——specigen. Lioe senterlioe ~Alne —senterline
Austenitic as welded + 61,000 + 8,000 + 2,500 + 8,000
Ferritic NRC=2A as weld.+ 55,000 + 26,000 + 11,000 + 5,00
Ferritic SW-101 as weld.+ 43,000 + 26,000 + 6,000 + 9,000

Since the yleld point of the armor plate is around 100,000 psi, it is
plain that the above average stresses do not approach it.

The measurement of the variation of residual stresses through the thickness
of the weldnents revealed that this variation was considerable for both the
longitudinal and transverse components. In the case of the longitudinal stress
there is a relatively small tension on both faces with a tension peak in the
interior toward the bottom half of the weld. For the transverse stress the
small average values tabulated above are the results of zones of high tension
near the faces and high compression near the micd=thickness. The values are

tabulated below:

Beaidual Stress (psi)
Ixenavarse
At weld=base At weld=base
Specimen At Centerline _ petal iunctio
Near Md- Near Mg~

Supface  Interlop Surface Interior Surface Thickness Surface Thickpess

Auotcniuc 429,000 +77,000 414,000 +52,000 +38,000 =48,000 +28,000 «29,000
as-welded

Ferritic NRC +23,000 +86,000 435,000 +76,000 +60,000 «38,000 30,000 =29,000
«2A as-welded '

Ferritic S¥= 418,000 + 76,000 +16,000 +52,000 49,000 «31,000 +22,000 «22,000
101 as-welded

2=inch Ferr~ +14,000 +99,000 +28,000 +84,000 +15,000 =108,000 +13,000 «59,000
tic SW-101

as welded
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The stress at the weld centerline in the thickness direction was a tension
stress for the first three specimens takulated above, with peaks near the mide
thickness of +2,500, +8,000, and +5,500 psi, respectively, Thus, these are negli-
gible, especially in view of the accuracy of measurement of # 4000 psi.

The residual stresses in the stress relieved NRC-2A weldment were neglie
gible.

3. Conclusiops:

The residual weld stresses have but a minor influence on the perfor-
mance of one-inch thick butt-welded armor plates free from lateral restraint in a
high velocity explosion test. Their possible slight influence on internal crack
indtiation has not been proved, and they do not influence the crack propagation.

Since, because of the assumption of lateral constraint, made as in Part I,
only an appreciable stress component perpendicular to the direction of the initial
tu‘ncvcru crack could influence s formaticn, only the transverse stresses need
be considerede From thelr values through the thickness it 1s seen that the deletere
fous effect of heat treatment on the explosive test performance of the austenitic
and ferritic SWe101 welds might be explained by the rcmoval of the 29,000 pei come
pression peaks at mid=thickness of the weld-base metal junction, while the corres~
ponding beneficial effect of heat trestment for the ferritic NRC=2A weld might be
due to the removal of the 60,000 psi tension peak near the surface at the center-

" line, these being the respective locations of the initial cracks in these weldments.
This seeme to be born out for the NRC=2A weld by the change 1n' orientation of the
initial crack through the heat ireatment from transverse to parallel.

It s felt this benefit of heat treatment for the NRC~2A weld, the only
one shown in any of the tests, including Part I, shows what at best can be expected
of the effect of heat treatment on residual weld strecsses in one-inch armor, but
that the deleterious ef fect of heat treatment on the other welds is too large to
be accounted for by st:-ess changes. When the added fact of a decreased surplus
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charge for crack propacatlon (an indiczilon of increased notch sensitivity) is
considered, métallurgical changes, possibly carblde precipitation at the weld=
base metal interface, are suspected. In any case, heat treatient of welded armor
plate may well do more harm than good.

Because the fallure cracks Lecan in the weld metal rather than at the
weld=-base motal junction, the ferritic NRC=2A wclds have a relatively stronger
bund and better homogercity of joint than the austenitic or ferritic SWe=101l. Thus
the nature of the welded Joint offers tihic true explanation of the explosion test
results. _

The investigation of the residual stresses as a function of thickness
revesls a ncarly biaxial system varying considerably with distance from the surface.
A knowledge of this variation has been of more value thzn the average stresses in
interpreting the role of residual stress on performance for these weldments. The
residual stress patterns obtained with the different types of electrode are similar
in most detalils and all show stress peaoks of about the same magnitude.

L



IV. Digcussion and Evaluition of Reports
Ao &MW"MMWM

Although investigations such as thie devoted exclusively to the
measurement of resultant residual vcld siresses do not by themselves help to
answer any of the pressing questions of the effect of such stresses on weld=
ability, they are neverthsless worthy conirlbutions to the iiterature. As
more knowledge becomet available on the effect of residual stresses on welde
ment pez;formance, certain genersl principles will become apparent. Once this
stage of the science is reached, dita on the nature and magnitudes of the
weld stresses which are present will no doubt help considerably to predict
performance, at least as far as performance is so affected. In other words,
the accumulation of such data is part of the progress toward rationality in
the weld stress problenm.

The velding engineer is also much concerned with the effect of the many
welding variables on the resultant stresses in a weldment., This can only be
investigated by the direct measurement and correlation of such stresses with
the welding procedure used.

The report being discussed contributes, although only to a limited extent,
to welding knowledge in the above fields, and is thus of some interest to the
present welding engincer. An admittedly preliminary survey is made of the
residual weld stresses in an Heplate and the fact is noted that an "armor”
heat treatment reduces certain of these stresses to some degree. The value
of the report will be enhanced when more understanding is achicved of the
eoffect of such residual stresses on performance, In view of the present hcl':
of such understanding, the implication, made at one point, that the data may
aid in the interpretation of ballistic test results on armor plate (presumebly
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in the form of H=plates), scems somewhat premature. Quoting no less of an
authority than Spraragen in a very recent publication (la), he “does not
recall a single instance in which laboratory tests of structural steels have
demonstrated beyond a shadow of 2 doubt that there 1s any significant dife
forence in behavior of a structure or specimen with residual stresses and

one without residual stresses.” His later comments in the same article show
that this remark refers to structurcs explosively loaded as well as to static
loading tests and impact tests at orcdinary loading retes. At the time of the
Heplate tests under consideration, the reports, discussed below in parts (B)
and (C) of this section, on ballistic=type testing of armor plate had not yet
appeared, and Miklowitz (la) finds these the only published results of their
nature available even now. Thus no known correlation between residual weld
stresses and performance could have been made at the time, nor, for that matter,
has such yet been made with any certainty for any conditions of test. It is
not meant here to belabor this point unduly, but merely to emphasize it, be-
cause it is not widely appreciated, and because it bears so directly on the
tests described in the later sections of this report.

Insofar as it was possible to accomplish the stated objective of ascer-
taining the order of magnitude of the residual weld stress pattern in a
welded Hepiate uting only one undamaged test plate, this was done, with con-
siderable care aril ingenuity belng excercised in its achievement. As is
pointed out by tli authors, a different sequence of sectioning the Heplate
aight have resul‘id in zomewhat different stress values for some locations, but
one can only agree with their opinion that the differences would probably not
be great. The mcthod and sequence they suggest in the light of their experi~
ence seem as much cimed at systematization and convenience as at increased

accuracy.
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The fact is established that residual stresses exist in the Heplate of
the order of magnitude of the proportional limit of the base plate. Thus
it would seem that an H-platcl provides one of the most important conditions
for the weldability test it is intended to be (at least as far as require-
ments for this type of test are understood), namely, sufficient constraint
that so=called "yield point”, or, more accurately, proportional limit,
stresses are set up. A closer inspection of the data, however, raises a
question in this regard. The measured :sicesses which approached the propore
tional 1limit were located in a leg of the H and not in the cross<bar. The
welding sequence used for such & plate specifies that the legs be welded
first, thus providing the constraints which, it is expected, will cause high
residual stresses in and near the crosse=bar when thé latter weld is completed,
this being the final step in the sequences The tests showed, however, that
the maximum residual stresses in and near the cross=bar weld were consider
ably lower than fhou in one lege The significance of this seemingly unex=-
pected result is not clear, for the effect of such residual stresses on
performance 18 unknown, as stated above, and if the only constraint require~
ment for Heplates, etc., is that a proportionzl limit stress exist somewhere
in the weldment, then it has little if any significance.

The (essentially) static bending tests on the asewelded and “armor" heat-
treated H-plates show that the rcsidual weld stresses are reduced by the
armor heat treatment. The full amount of the reduction may not have been
shown, however, even for those particular gage locations used, because the
maximum load was insufficient to causc ylelding. It can only be said that

1., Or at least the Heplate tested.




3l.

at the particular gage subjected to the maximum stress by the bending load,
the residual stress had been reduced to less than 30,000 psi, to less than
approximately 50,000 psi at the gage subjected to the minimum stress, and to
intermediate values at the few other locations considered,

The relief of stress by the armor heat treatment is not surprising, as
the final step (normalizing by holding at 1230°F for 3 hours, thenair coole
ing) is not far removed in its macroscopic aspects from an ordinary stress
relieving treatment, since at that temperature and time at temperature stress
relief would certainly occur, and there i{s no reason that air cooling, pro=
vided it is relatively uniform over the surface, would induce further macro=
scopic residual stresses.

It is unfortunate that Heplate NRe17, which had been ballistically frac~
tured before being examined for residual stresses,lad not originally been of
the same composition and welded in the same mly'1 as plate NR=27, for then a
better indication of the effect of the ballistic test on the residual stresses
would have resulted.

In sumary, then, 1t may be stated that OSRD Report No. 3348 constitutes
an interesting and valuable exploratory contribution to residual weld stress
1iterature. It proves that residual stresses of the order of magnitude of
the proportional 1limit of the prime plate exist in an as=welded armor steel
Heplate, and that these are considerably reduced by subjecting the plate to
(1) plastic deformation and (2) an armor heat trestment. The full valuve and
practical spplication of these results, however, must amait a future thorough
understanding of the effect of residual weld stresses on weldment performance.

L - CooET o ST

1. It had a single=V weld throughout, as opposed to the double=V weld used
on plate NR=27,

s
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B. OSRD Repgrt No. 3360: Effect of Locked-Uo Streoses on Pallistic
Performance of VFelded Axmox = Paxt I
It would be extremely desirable to be able to state that the above repert
contains conclusive evidence of the effect of residual weld stresses on the
ballistic performance of welded armor. Unforturately, however, this does not
seem to be the case. The authors of the report felt that the experimental
evidence permitted them to draw the conclusion that no effect of the residual
stresses was dctoc;ed under the conditions investigated. However, as pointed
out in the introduction to the present report (Section IT), the whole question
of the effect of residual stresses on weldment performance 1s intimately re-
lated to the problem of the fracturing of metals, and involves all the complexi~
ties of this problem, especially those connected with ths initiation and
propagation of crecks.! Although the authors based thelr explanation of the
results on what seem at first to be reasonable assumptions, it is felt here
that the oxporlnintal approach used in the investigation was not sufficiently
fundamental to the fracture problem to permit a truly proper evaluation of
the results at the present stage of knowledge in this fielde Thus, in this
respect,? a final judgement of the ultimate value of the report must be held
in abeyance, pending a fuller understanding of fracture phenomena. However,
it is equally true? that valusble and imnediately practical, although not
particularly fundamental, information is presented in the report in regaxrd to
the effect of the type of weld and its subsequent heat treatment on the very

L o N —

Osgood (1a) is highly recommended for the light it will throw on the
state of the art" in the field of residual stresses, the nature of,
of information on, the frecture problem, and the relation of the two.

2., 88 in Part A, above.

1. Reference to the recent and oxti'mly pertinent survey volume edited by
and lack
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high=¢peed impact behavior of double-~V buti welds in armor plete.

To be specific, and referring to the residual stress results, the con=
clusion that those stresses reported to exist in the welds which were tested
did not affect the performance at very high loading rates was based primsrily
on the following assumptions: only an appreciable tensile component of stress
perpendicular to the cracks which formed could influence thelr formationj
the fracture occurred where the “cohesive™ strength of the plates was lowest;
fracture was i{nitiated by the explosion~induced tension uce which was ye=
flected from the "back” of the specimen; and, this tensicn wave traveled across
the specimen under "total lateral constraint,” this constraint being suffie
clently great to obviate any effects of the transverse and longitudinal stress
components. Although a logical argument seems to be bullt on these assumptions,
reference to Kolsky's recent monograph on stress waves in solid media (1%),
the work of Rinehart and co=workers on the effects of explosive loading on
metals (16) and the many discussions of the fundamentals of the frecture pro-
blem (1a,14), suggests that, at the least, these assumptions are open to
serious question, and that ultimate answers are only to be found by a basic
approach on the microscopic as well as the macroscoplc front, and beginning
with the most elementary cases. Further, these should probably be started
with smallescale "laboratory=type" mts[u strongly urged by Miklowits (la)
and, separately, by Osgood (laﬂ } static tests should precede even lowsspeed
dynamic tests, and very high=spead impact tests (explosive loading) with their
enormously=increased complexity of intezpretation, run only when the phenomenon
is fully understood for the other speed ranges.

Before any such real understanding of thc effect of residual weld stresses
on the performance of weldments under explosive loading can be achieved,
answers must be found, for example, to questions such as the following: with




34,
due regard to the realitles of the microstruc‘ure, what are the conditions
of stress at a point in a metal which give rise o a crack?l; how are these
conditions affected by strain rate, temperature, and prior thermsl and defore
mation history?; what changas in these conditions, if any, are necessary for
the propagation of 2 crack (i.e. what 1s the "latent energy" of crack prope-
gation?)?; "in what specific cases and- to vhat degree, 1f any, (do) residusl
stresses and load siresses superpose under high rates of loading?"2; what, if
it exists for the metal under consideration, is the effect on fracture of a
delay time for the initiation of plastic deformation?; "how do the detailed
weldment geometry> and microstructure affect the transmission, reflection,
and focusingetc., of explosive=induced stress waves?; of what significance
to fracture is the fact that “the velocity of crack propagation is generelly
lower than the velocity of stress propagation” for high=speed impact loading?;
and others equally difficult to answer experimentally. Thus, it can be seen
that the problem is a highly complex one, and only by maintaining strict con-
trol of all parameters but one and varying the latter in 2 known way, will
significant results be obtalned.

The authors of OSRD 3580 could reach no conclusions regarding the effect
of residual stresses on the propagation to the surface of the internal perellel
and transverse cracks which formed in the prime=plite and aseweld specimens,
respectively, for the accompanying plastic deformation obliterated whatever
such stresses had existed. This emphasizes the importance of attempting to

e >

1. Campus (1la) states, “it 1s guestionable whether the cracks have to be
initisted or whether their beginnings already exist." (This is not a
reference to dislocations, but to "effective defects on a larger ecale.”

2, Miklowitz (la)

3. It will be recalled that in the tests described in OSRD 3560, the weld
beads were not removed by grinding, wherees the prime plate tests, of
course, had no such beads.
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eliminate, ingofar as this 1s possible, at least gross plastic deformation
from specimens being used in studies of the effect of residual stresses on
performance.

Of interest to the welding engineer is the uncquivocal evidence found
that the welds made with austenitic S'=164 electrodes were stronger ballise
tically than those made with ferritic SW=101 electrodes, although admittedly
any other result would have bteen surprising. It was also shown that both
the armor and stress relief heat treatments rcduced the strength under explo=
sive loading of the plates welded with ferritic electrodes; heat treatment
after welding can thus be more detrimental than beneficial under certain
circumstances, a fact of much practical importance, for the tendency is often
to post-weld heat treat merely “"on general principles.”

The weld stress investigation was limited by the lack of information
sbout the variation of the residual weld stresses across the plate thickness,
emphasizing the need for such data in any thick plate residual stress research.
The reslization of this led, in part, to the work reported in OSRD 4396.
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Pexformance of Welded Armor. = Part Il.

Although same slight evidence of the effect of residual weld stresses on
ballistic performance is claimed in this report, the arguments presented in
Part B, asbove, apply here as wcll. It can only be seld that such an effect
may exist, and that it has not been shown to be absent; until a more funde=
mental approach to the problem is made, such evidence must be treated as
inconclusive, at best. In addition, as thc authors admit, there is no con=
vincing evidence that the effects obsexved were not entirely the result of
metallurgical and structural changes, in spite of the change in crack oriente=
tion which is offered as an important confirming piece of evidence.

It is appropriate to point out here that all existing three-dimensional
residual stress measurement techniques are not only complex and tedious in
application, but, being indirect, can only be approximate and subject to cone
siderable errors. The tolerances stated in the reports, laxrge as they are,
may, in fact, be too smsll. The following comment by Osgood (1a) is extremely
pertinent and must be seriously considered if progress is to be made in
residual weld stress research: "It is imperative that better and simpler non=
destructive methods of measuring residual stresses over small areas be developed,
and these methods should not be limited to the measurement of surface stresses.
The measurement of any property of a metal which depends on the state of stress
should be considered as a potential baste for a method by which residual
stresses could be determined.”

On the evidence of the appearance of the first internal crack, the fer-
ritic SW-101 welds may have been' stronger than the unheat treated austenitic

N S

1. The test=result tolerances overlap the compared values, 80 the evidence
might not be confirmed 1f more tests were run,

VA S SRR SR i i o YT YL
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welds. In the heat-treated condition the evidence for this appears to be
more convincing. This rather unexpected result is the principal supporting
evidence used by the authors for thelr claim of an observed residual stress
effect, but the many uncontrolled variables in the tests could well be the
basis for a different interpretation.
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